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SLIME  ANALYSIS  OF  PAINTED  STEEL  PANELS  DMERSED  IN  BISCAYNE 
BAY,  MIAMI  BEACH,  FL. 


INTRODUCTION 

As  part  of  a  more  general  study  of  the  performance  of  antl-foullng 
coatings,  a  program  of  exposure  is  being  carried  out  at  the  facilities 
of  Miami  Marine  Research  Inc.,  Miami  Beach,  Florida.  The  motivation 
for  this  study  is  to  select  optimum  coatings  for  vessels  with  the 
objective  of  minimizing  drag.  In  the  recent  past  the  primary  criterion 
for  successful  anti-fouling  coatings  was  effectiveness  in  retarding 
hard  fouling  (barnacles,  tubeworms,  calcareous  bryozoans)  and  volumi¬ 
nous  growth  of  macroscopic  algae  such  as  Ectocarpus  and  Enteromorpha . 

As  coatings  are  developed  which  meet  this  goal  increasingly  well 
attention  to  the  less  conspicuous  causes  of  hydrodynamic  drag  becomes 
Important:  that  is,  the  effect  of  the  soft  fouling  organisms,  the 
microbial  slime  films,  and  the  inherent  roughness  of  the  coatings 
themselves . 

MATERIALS  AND  METHODS 

Coatings  tested  in  this  program  were  standard  and  experimental 
Navy  materials  and  a  selection  of  proprietary  coatings  supplied  by 
commercial  manufacturers. 

Navy  coatings  tested  were  F-121,  F-129,  and  F-1020A,  which  are 
in  current  use,  and  three  NSRDC -developed  experimental  coatings. 

Proprietary  information  concerning  the  coatings  is  presented  in 
Appendix  C,  for  limited  distribution. 

Each  coating  was  applied  to  a  set  of  four  curved  sample  panels 
which  were  manufactured  to  fit  upon  the  circumference  of  a  drum  which 
was  rotated  at  a  peripheral  velocity  of  22  Kn.  The  programmed  expo¬ 
sure  consisted  of  alternate  dynamic  and  static  periods.  At  the  con¬ 
clusion  of  each  period,  each  set  of  quadruplicate  panels  was  examined 
in  a  number  of  ways  and  then  re-exposed.  In  some  cases,  panels  were 
cleaned  by  brushing  and  re-examined  before  re-exposure.  Some  of  the 
coatings  failed  during  exposure;  these  were  removed  from  the  test 
after  the  next  inspection.  The  inspection  evaluated  several  properties. 
A  general  visual  inspection  by  the  unaided  eye  was  made  first  and  the 
results  reported  in  terms  of  degree  of  coverage  by  the  various  classes 
of  fouling  organisms  and  the  general  apparent  physical  condition  of  the 
coatings.  Slime  film  formation  was  more  closely  followed  by  examl- 
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nation  with  the  light  section  microscope;  this  Instrument  and  Its 
application  to  studies  of  microbial  slime  film  formation  are  described 
in  Appendix  A  of  this  report.  After  the  visual  Initial  examination, 
two  panels  from  each  set  of  coatings  suitable  for  brushing  were 
brushed  while  wet.  Light  section  measurements  of  possible  residual 
slime  films  were  made,  and  the  panels  were  then  air-dried  to  the  ex¬ 
tent  necessary  to  determine  both  coating  thickness  by  use  of  a  magnetic 
gauge  and  surface  roughness  by  use  of  a  stylus  Instrument.  This  report 
is  principally  concerned  with  the  slime  thickness  measurements;  the 
other  measurements  were  described  more  fully  by  Acampora  and  Smith  (^^Ln 
a  report  dealing  with  the  initial  observations  obtained  and  an  addi¬ 
tional  report  covering  the  later  stages  of  the  program  will  be  forth¬ 
coming. 

As  the  exposure  schedule  and  observations  progressed,  identifi¬ 
cation  of  attached  organisms  through  use .of  a  microscope  led  to  the 
realization  that  such  examination  couldfyiSld  valuable  information  on 
the  physical  condition  of  the  coatings  which  could  not  be  easily  de¬ 
tected  otherwise.  Consequently,  microscopic  observations  and  photo- 
mlcrographlc  records  of  coating  condition  were  made  as  the  studies 
progressed.  These  studies  will  be  described  more  fully  in  a  forth¬ 
coming  joint  report  with  Mr..  Perez,  of  Miami  Marine  Research  Inc. 

The  Slime  Film  Measurement 


The  measurement  of  highly  hydrated  films  should  be  performed  in 
an  environment  in  which  the  activity  of  water  is  that  of  the  medium 
in  which  the  film  was  formed,  so  that  the  degree  of  swelling  of  the 
film  matrix  is  that  of  the  lamersed  film.  Therefore,  the  filmed  panel 
was  flooded  with  filtered  seawater,  placed  in  a  closed  container  to¬ 
gether  with  an  absorbent  paper  pad  saturated  with  an  excess  of  sea¬ 
water,  and  the  wet  film  thickness  measured  repeatedly  until  three 
successive  measurements  remained  constant.  The  measurement  itself, 
discussed  in  detail  in  Appendix  A,  consisted  of  illuminating  the 
specimen  with  an  image  of  a  fine  slit  at  an  incident  angle  of  45°  to 
the  surface,  and  measuring  the  separation  of  the  reflections  from  the 
top  of  the  film  and  the  interface  of  the  film  with  the  coating  surface. 
This  separation  was  proportional  to  the  film  thickness. 

Slime  Film  Structure 


The  wide  variety  of  microorganisms  present  in  natural  environ¬ 
ments  leads  to  a  corresponding  variety  of  structures  when  they  colo¬ 
nize  an  immersed  surface  to  form  slime  films.  Such  films  vary  from 
almost  perfectly  transparent  to  completely  opaque  structures  even  when 
no  substances  such  as  sand  or  silt  are  incorporated  in  them,  due  to 
the  pigmentation  of  the  microbial  cells  and  the  size  of  the  refractive 
index  inhomogenelties  making  up  the  structures.  Further,  some  micro¬ 
organisms  grow  in  colonies  which  are  well  separated  compared  to  their 
height, and  so  appear  as  clumps,  while  others  grow  in  extensive  coherent 
colonies  and  therefore  are  inherently  smoother.  In  a  natural  coastal 
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site,  such  as  Miami,  there  is  also  much  suspended  material  which  be¬ 
comes  deposited  on  or  Incorporated  into  the  microbial  colony  and  so 
affects  both  transparency  and  surface  roughness  of  the  microbial  film. 
While  in  most  cases  the  films  examined  for  this  study  were  sufficiently 
transparent  for  the  light  section  method  to  visualize  both  the  reflec¬ 
tions  from  the  top  and  bottom  of  the  slime,  in  several  cases  a  small 
region  of  opaque  film  was  gently  rubbed  with  a  chisel-shaped  Teflon 
tool  and  then  rinsed  with  filtered  seawater  to  remove  opaque  material 
and  allow  visualization  of  the  bare  coating  surface  for  the  slime 
thickness  measurement.  Photographs  of  slime  films  shown  in  Fig.  la 
and  Fig.  lb  Illustrate  two  clump  forms  of  colonies.  The  reflection 
from  the  surface  of  the  paint  film  is  the  lower,  fainter  line  in  each 
photo.  The  reflection  from  the  upper  surface  of  the  hydrated  film  is 
the  much  brighter  line.  Colonies  of  slime  microbes  are  seen  in  both 
photographs,  partially  obscuring  the  lover  reflection,  and  spanning 
the  thickness  of  the  hydrated  layer.  These  colonies  are  well-separated 
in  Fig.  la,  and  are  more  continuous  in  Fig.  lb. 

Surface  Roughness 

As  indicated  in  Appendix  A,  the  reflections  of  the  slit  are 
affected  by  deviations  from  planarity.  Therefore,  the  profiles  of 
the  surfaces  in  equilibrium  with  seawater  are  apparent  in  the  observed 
images,  and  may  be  recorded  photographically  without  mechanical  dis¬ 
turbance.  Although  surface  roughness  may  in  principle  be  derived  from 
such  photographs,  we  have  not  attempted  to  do  so  quantitatively. 

Rather,  we  have  presented  examples  of  surfaces  of  varying  roughness  in 
Fig.  2  so  that  the  potential  of  the  method  can  be  appreciated  by  the 
reader.  These  photographs  are  of  samples  which  had  been  cleaned  of 
microbial  slime  by  brushing.  Methods  of  visualizing  slime  films  by 
incorporating  fluorescent  or  reflective  materials  would  allow  easier 
analysis  of  the  deformations  and  profiles  of  the  slime  films  under 
flow  situations  or  under  mechanical  loading,  to  relate  physical  pro¬ 
perties  of  the  slime  films  to  operating  parameters  of  the  coated 
equipment.  Such  work  may  be  attempted  in  the  future. 

Panel  Designation 

Each  coating  system  was  applied  to  a  set  of  four  individually 
numbered  panels,  and  the  groupings  can  be  observed  in  the  Table 
presented  in  Appendix  B.  The  panel  sets  will  be  referred  to  in  the 
remainder  of  this  report  by  the  lowest  numbered  panel  in  that  set. 

Thus,  panel  set  "1M  consists  of  panels  #1,  #2,  #33,  and  #34.  These 
panels  are  described  by  the  same  numbering  system  in  the  report  by 
Acampora  and  Smith  (!)• 

The  Navy  coatings  used  in  this  work  were  F-121  (panel  sets  1,  7, 

97  and  101),  F-129  (panel  sets  3  and  9),  F-1020A  (panel  sets  5,  11, 

105  and  109),  the  NSRDC-developed  Geicoats  (panel  sets  81  and  173) 
and  other  experimental  formulations  designated  NSRDC-1114  (panel  set 
85),  and  NSRDC-0MP-A-28  (panel  set  89). 
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The  proprietary  materials  are  defined  in  Appendix  C,  for  limited  cir¬ 
culation. 


Raaulta  of  the  Miami  Teat  Program  to  August  1980 

Analysis  of  the  slime  film  thickness  measurements  are  presented 
graphically  as  Fig.  3,  and  in  Tables  I,  II,  and  III,  and  in  Appendix 
B,  from  which  Fig.  3  is  derived.  The  lower  limit  of  detectability  of 
the  hydrated  film  upon  a  surface  is  Influenced  by  several  properties. 
Firstly,  the  color  of  the  sample  is  important,  becuase  the  reflection 
from  a  dark  surface  is  weaker  than  that  from  a  light  one.  The  re¬ 
flection  from  the  upper  surface  is  usually  much  more  Intense,  and 
masks  the  reflections  from  the  darker  pigmented  surfaces.  It  is  also 
easier  to  visualize  a  slight  separation  of  the  reflections  if  the 
surface  is  very  smooth.  Therefore,  the  limits  of  detection  of  a  film 
upon  a  coating  surface  vary  from  0.3  X  10”3  to  0.8  X  10"3  inch  (i.e., 

8  to  20  ft**  ;  these  limits  must  be  kept  in  mind  when  interpreting  the 
data. 

Figure  3  shows  the  thickness  of  the  hydrated  layer  retained  by 
the  panels  as  the  test  program  progressed.  The  data  are  presented  as 
the  average  thickness,  and  standard  deviation,  of  the  hydrated  layer 
observed  upon  the  sets  of  quadruplicate  panels.  Numerical  data  from 
which  Fig.  3  is  compiled  are  presented  in  tabular  form  in  Appendix  B. 
Each  set  of  four  panels  is  referred  to  by  the  lowest  panel  number  of 
the  set.  Panels  arc  grouped  by  set  in  the  table,  and  individual  and 
set  average  hydrated  layer  film  thicknesses  are  presented.  Standard 
deviations  within  each  set  are  also  given.  Where  two  thickness 
measurements  are  presented  for  a  panel,  the  thinner  refers  to  the 
hydrated  layer  between  clumps  of  slime  which  project  above  the 
thinner  general  slime  layer.  The  thicker  refers  to  the  height  of  a 
typical  projecting  slime  clump  above  the  opaque  paint  surface. 

After  the  dynamic  exposures,  and  after  brushing,  the  film  thick¬ 
nesses  were  less  than  were  found  after  the  static  portions  of  the 
exposure  cycle  and  difficult  to  determine  from  the  figure.  Therefore, 
the  following  discussion  and  Tables  I-III  are  presented  to  aid  in 
evaluation  of  performance. 

The  panels  used  in  this  testing  program  were  placed  under  test 
upon  receipt,  so  no  microscopic  observations  could  be  made  upon  their 
fresh  surfaces.  However,  other  panels  coated  with  Navy  F-121,  F-129, 
and  F1020A  panels  were  made  available,  and  examined  by  light  section 
microscopy  upon  lmnerslon  in  distilled  water  and  in  clean  artificial 
seawater  made  up  from  nominally  inorganic  constituents.  These  coat¬ 
ings  were  at  first  hydrophobic  and  so  shed  water,  making  measurement 
of  hydrated  film  thickness  futile.  After  soaking  in  artificial  sea¬ 
water  for  24  hours,  however,  the  coatings  became  wettable,  and 
measurements  of  the  retained  film  could  be  made.  Using  the  criterion 
that  three  successive  readings  showed  no  decrease  in  film  thickness, 
hydrated  layers  of  up  to  one  mil  (25  urn)  could  be  found.  The  slgni- 
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flcance  of  such  layers  is  unclear  at  present.  The  fresh  paints  bearing 
these  films  did  not  impart  the  sensation  of  lubricity  characteristic 
of  microbial  fouling  when  rubbed  with  the  fingers.  As  mentioned  In 
Appendix  A,  these  apparent  hydration  layers  above  the  well-defined 
opaque  pigmented  surfaces  may  be  highly  swollen  layers  of  paint  ve¬ 
hicle  components,  or  adsorbed  dissolved  matter,  or  the  result  of 
initial  adherence  of  microbes,  but  no  definitive  statement  concerning 
their  nature  is  possible  now.  The  thin  hydrated  layers  observed  on 
some  panels  after  dynamic  testing  or  after  wet  brushing  present  a 
similar  appearance,  but  may  not  be  of  a  similar  nature.  There  is  a 
need  to  develop  methods  to  characterize  the  properties  of  such  films 
to  understand  their  hydrodynamic  significance. 

Surface  Roughness 

The  observations  made  while  measuring  slime  film  thickness  allow 
some  qualitative  estimates  of  relative  surface  roughness  of  the  various 
paint  films  to  be  made.  These  observations,  made  through  the  retained 
aqueous  layer  on  panels  which  were  still  wet>are  not  as  precise  as  the 
stylus  measurements  made  upon  air-dried  samples  (1,  Acampora  and  Smith), 
nor  is  any  attempt  made  to  assign  absolute  values  to  the  measure  of 
roughness.  However,  if  we  consider  relative  ranking  of  the  coatings, 
on  a  scale  of  1  (smoothest)  to  6  (roughest)  and  admit  that  subjective 
assessments  may  be  somewhat  biased,  a  "rough"  rank  order  can  be  pre¬ 
sented  which  may  be  useful.  Two  additional  features  can  also  be 
observed  with  this  technique,  and  are  noted  where  appropriate.  The 
first  is  checking  or  cracking.  In  several  cases,  patterns  of  cracks 
were  evident  on  panels  which  appeared  in  excellent  condition  to  the 
naked  eye.  These  cracks  were  observed  with  the  light  section  micro¬ 
scope,  and,  as  it  became  available,  with  the  stereo  microscope.  The 
second  is  what  we  call,rscatter".  This  is  characterized  by  a  diffuse 
appearance  of  the  band  of  light  reflected  from  the  paint  surface, 
which  makes  the  band  quite  broad.  The  significance  of  this  broadened 
reflection  is  open  to  question  at  present.  One  possibility  is  that 
roughness  whose  lateral  dimension  is  less  than  the  resolution  of  the 
optics  causes  reflections  at  90°  to  the  incident  beam  to  originate 
from  a  broad  region  of  the  surface.  A  second  possibility  is  that  the 
paint  surface  is  not  opaque,  so  that  light  penetrates  a  significant 
distance  beneath  the  surface  before  refraction  and  reflection  towards 
the  observer.  There  may  be  other  causes  also.  The  observations  made 
on  brushed  panels  regarding  relative  smoothness,  cracking  and  scatter 
are  presented  in  Table  I,  and  the  relative  roughness  scale  is  illu¬ 
strated  in  Fig.  2.  The  letters  "C"  and  "S"  in  Table  II  refer  to  the 
presence  of  cracking  and  scatter  respectively.  The  data  indicate 
clearly  that  coatings  11,  109,  and  105  lead  to  rough  surfaces,  while 
coatings  81  and  173,  and  perhaps  89,  lead  to  quite  smooth  surfaces, 
and  coatings  25,  153,  and  perhaps  137,  seem  susceptable  to  crack 
formation  on  the  basis  of  the  data  currently  on  hand. 

Self -polishing  coatings  hydrolyze  on  immersion,  so  as  to  prevent 
gross  roughening  while  maintaining  a  good  toxin  leach  rate*  Although 
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these  coatings  were  not  brushed,  the  degrees  of  smoothness  could  be 
estimated  and  are  at  2-3  on  the  scale  of  1-6* 


Experience  has  shown  that  very  smooth  coatings  do  not  drain  as 
rapidly  as  rough  ones,  presumably  because  the  channels  in  a  rough 
coating  enhance  flow  of  liquid  from  higher  regions.  The  time  available 
for  inspection  of  the  large  number  of  panels  Involved  in  this  study 
precluded  very  long  waits  for  equilibrium,  so  that  determination  of 
the  final  thickness  of  the  hydrated  layer  on  the  panel  sets  29,  81,  89, 
and  173  was  more  subjective  than  on  the  rougher  coatings,  and  may  be 
biased  toward  higher  values. 

Observations  on  Panel  Sliming 

Figure  3  Is  a  visualization  of  the  data  obtained  at  the  Miami 
Beach  test  site  from  Dec.  1978  until  July  1980.  Several  observations 
may  be  made  concerning  the  data. 

The  first  set  of  observations  was  made  at  the  conclusion  of  a 
dynamic  cycle  in  December  of  1978.  All  the  observations  taken  at  that 
time  indicated  a  significant  hydrated  layer,  of  the  order  of  one  to 
two  mils  thickness.  As  it  had  been  found  that  new  paints  showed  that 
effect  after  static  exposure  in  the  laboratory,  it  was  not  entirely  un¬ 
expected  at  the  time.  However,  when  sets  85,  89,  105,  109,  121,  and 
125  were  immersed  for  their  first  dynamic  cycles,  the  film  thickness 
measured  was  less,  although  #81  (a  very  smooth  coating)  showed  a  sig¬ 
nificant  film  thickness  after  first  dynamic  exposure.  These  obser¬ 
vations  may  reduce  the  significance  of  the  measurements  of  Dec.  1978; 
perhaps  drainage  had  not  been  complete.  Note  also  that  there  seems  to 
be  a  seasonal  maximum  during  the  May -August  1979  period.  For  conveni¬ 
ence  the  hydrated  layer  thickness  after  the  first  dynamic  cycle,  and 
the  thickness  after  the  dynamic  cycle  yielding  the  greatest  thickness 
for  the  particular  panel  set,  are  shown  in  Table  II. 

NAVY  COATINGS 

The  Navy  coatings  used  were  of  6  types:  F-121,  F-129,  and  F-1020A, 
which  are  in  current  use  and  were  used  with  vinyl  or  epoxy  undercoats, 
and  Gelcoat  0MP-A28  and  NSRDC  1114,  which  are  NSRDC -developed  experi¬ 
mental  coatings.  There  are  clear  differences  between  these.  The  F-121 
and  F-129  are  copper  antifoulants ,  and  show  better  control  of  the 
sliming  which  forms  under  static  conditions  than  the  organotin  F-1020A, 
The  F-129  and  F-1020A  show  smaller  films  after  dynamic  cycling  than 
F-121.  Thus,  the  F-129  coating  seems  promising  in  both  respects. 

This  preference  is  reinforced  by  the  great  wear  rate  observed  with 
F-121.  If  only  dynamic  performance  Is  at  issue,  F-1020A  is  also  a 
good  performer.  The  Gelcoats  are  very  smooth  coatings,  and  so  the 
steady  value  of  very  low  film  thickness  is  somewhat  subjective  as 
previously  mentioned.  OMP-A28  was  not  as  smooth  intially,  but  became 
quite  smooth  as  the  program  progressed  (Table  III).  NSRDC-1114  failed 


early  and  was  discontinued.  These  organotin  coatings  were  heavily 
colonized,  as  were  the  F-1020A  panels,  during  static  cycles.  During 
the  last  dynamic  cycle  observed,  (June  1980)  0MP-A28  (set  89)  and  the 
older  Gelcoat  (set  81)  appeared  to  be  maintaining  a  thicker  film  than 
during  the  previous  ones.  It  is  not  yet  clear  whether  this  signifies 
the  onset  of  deterioration. 

Proprietary  and  Commercial  Coatings 

A  variety  of  coatings  from  commercial  sources  were  also  subjected 
to  the  test  program.  Some  comments  concerning  these  follow: 

Some  coatings  developed  a  pattern  of  small  cracks,  which  could  be 
seen  easily  under  microscopic  observation.  These  were  25,  137,  and 
153.  The  significance  of  the  cracks  for  performance  of  the  coatings 
is  as  yet  unclear.  Roughness  estimates  are  not  made  at  cracks,  but 
rather  refer  to  the  regions  between  them.  Several  coatings  maintained 
quite  thin  films  on  dynamic  exposure  over  several  cycles:  sets  19,  133, 
137  and  145.  Sets  129,  141,  149, &  157  maintained  thicker  films  on  the 
last  dynamic  cycle.  Sets  17,  19  and  25  were  on  test  for  a  long  time 
(6  cycles),  which  in  itself  is  a  recommendation  because  badly  fouled 
or  otherwise  damaged  panels  were  removed  from  the  test  when  noted  at 
the  scheduled  inspection.  Slime  film  thickness  of  set  19  appeared  to 
be  maintaining  performance  except  for  a  slight  increase  of  film  thick¬ 
ness  during  the  last  dynamic  cycle  (June  1980).  set  25  was  beginning 
to  show  cracking.  Sets  153,  161,  &  showed  very  low  dynamic  film 

thicknesses,  but  like  sets  149  and  159,  were  only  immersed  for  two 
cycles.  The  slime  formed  on  sets  141,  145,  153,  165  and  169  deserve 
special  mention.  These  formed  heavy  cohesive  films  in  the  later 
static  cycles.  The  films  showed  a  3-layered  structure  and  the  top 
layers  could  be  pulled  off  in  small  sheets.  The  hydrodynamic  signifi¬ 
cance  of  this  type  of  film  is  as  yet  unclear. 

Effects  of  Brushing 

Conventional  antifouling  paints  become  inactive  because  toxin 
near  the  seawater-paint  boundary  progressively  leaches  from  the  sea¬ 
water,  leaving  a  depleted  region.  Alternatively,  deposits  may  block 
leaching  of  toxin.  In  either  case,  brushing  of  the  paint  surface  may 
serve  to  rejuvenate  the  coating  by  removing  the  inactive  barrier  to 
further  toxin  release.  If  toxin  release  is  indeed  enhanced  in  this 
way,  it  might  be  expected  that  subsequent  fouling  would  be  retarded 
on  brushed  samples  in  comparison  with  unbrushed  samples.  On  looking 
through  Appendix  B,  it  may  be  seen  that  several  sets  of  panels  on 
occasion  indicated  such  a  difference, eg:  #5  (May  1979)  #9  (Dec.  1979) 
#89  (Aug.  1979)  #105  (Dec.  1979)  #105  (March  1979)  #137  (March  1980) 
but  the  author  does  not  consider  the  evidence  strong  enough  to  warrant 
the  conclusion  that  brushing  inhibits  future  sliming,  especially  on 
noting  #17  (May  1979)  and  #129  (Dec.  1979)  which  were  not  brushed 
show  similar  differences  in  slime  thickness. 
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CONCLUSIONS 


1.  A  general  sumnary  of  sliming  performance  Is  given  in  Fig.  3. 

2.  The  Navy  copper-containing  coatings  show  significantly  less  sliming 
under  static  conditions  than  organotln  coatings. 

3.  The  self-polishing  coatings  yield  wet  roughness  indices  of  2  to  3, 
whereas  other  coatings  range  from  1  (smoothest)  to  6  (roughest) . 

4.  Differences  in  wet  roughness  as  well  as  sliming  should  be  taken 
into  account  in  assessing  paint  performance. 

5.  Optimization  of  coating  choice  requires  better  understanding  of 
the  relative  contributions  to  drag  of  roughness,  slime  thickness, 
and  the  viscoelastic  properties  of  the  microbial  slime  films  and 
the  coatings  themselves. 
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Fig,  2,  Brushed  Paints  Visualized  via  Light  Section  Microscopy, 
(Numbers  indicate  surface  roughness  index) 
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SLIME  FILMS  ON  PAINTED  PANELS  —  MIAMI  BEACH  (1) 
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SLIME  FILMS  ON  PAINTED  PANELS  —  MIAMI  BEACH  (2) 


Slime  film  thickness  on  panel  sets 


TABU  II.  Average  thickness  for  set  of  4  panels  after  dynamic  exposure 
for  (a)  first  dynamic  exposura  and  (b)  for  the  exposure 
other  than  the  first  yielding  the  maximum  average  thickness. 


Thickness  after 


’anel  Set 

First  Dynamic 

Max.  I 

1 

2 

1 

3 

2 

l 

5 

1 

DL 

7 

2 

1 

9 

1% 

% 

11 

1% 

3 

17 

2 

1 

19 

IH 

l 

21 

l 

DL 

23 

2 

1 

25 

Vl 

h 

29 

1/3 

F 

81 

3/4 

1 

85 

DL 

F 

89 

DL 

1 

105 

DL 

* 

109 

DL 

DL 

121 

DL 

DL 

125 

DL 

DL 

129 

5 

% 

133 

DL 

DL 

137 

DL 

k 

141 

DL 

% 

145 

V 

DL 

149 

DL 

0.7 

153 

% 

DL 

157 

* 

1 

161 

1/3 

DL 

165 

DL 

DL 

169 

H 

2/3 

173 

k 

3/4 

Here  l the  entry  "7"  indicates  failure  of  the  coating  system. 

J the  entry  "DL"  Indicates  no  film  thicker  than  detection 
limit. 
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TABLE  III.  Film  thicknesses  greater  than  detection  limit  where  found 
after  brushing. 

(Only  panel  sets  \dilch  exhibited  such  film  shown) 


Panel 

Sat 

5 

9 

13 

25 

29 

81 

89 

105 

109 

137 

153 

173 

Bate 

Jills  I 

- 

- 

- 

- 

m 

m 

- 

ea 

m 

- 

- 

July  1 

.5 

.4 

> 

& 

979 

.4 

.4 

.3 

.4* 

.4 

Nov.  k 

.3 

.5 

.5 

.5 

,5 

Dec.  1 

.5 

.3 

.4 

.6 

.8* 

.6 

.4 

Feb.  | 

.8 

.4 

.8 

.3 

.4 

.4 

.4 

.4 

.4 

.8* 

Mar.© 

00 

.4 

.4 

.4 

.5* 

.6* 

.4 

.5* 

Juno^ 

.3 

.6 

.8* 

.5* 

.4 

.9* 

July  I 

.5 

.4 

.4* 

* 

Indicates  smoothest  surfaces  (See  Table  II). 
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Measurement  of  Microbial  Marine  Fouling  Films 
by  Light  Section  Microscopy 


George  I.  Lotto 
Neve/  Aesse/cft  Laboratory 
Washington,  DC 

A  non-destructive  optical  method  of  surface  inspection  has  bean  applied  to  measurements  of  the 
thickness  of  marine  microbial  slime  fouling  films.  Application  is  described  to  fouling  of  metal  heat 
exchanger  pipe  in  the  Ocean  Thermal  Energy  Conversion  program,  and  to  slime  formation  on  antifoul- 
Ing  paint  samples.  Films  greater  than  8pm  in  thickness  may  be  detected  with  precision  of  3pm  in 
favorable  cases  using  our  instrument,  other  instruments  are  also  available.  An  important  feature  of 
the  method  la  its  possible  application  in  measurement  of  roughness  of  surfaces  not  amenable  to 
stylus  instruments,  such  as  soft  materials  and  immersed  surfaces. 


jntiioduction 

The  efficiency  of  equipment  operated  in  aqueous  en¬ 
vironments  Is  often  affected  by  formation  of  microbial 
fouling,  or  slime,  films  on  their  surfaces.  Heat  flux 
across  heat  exchanger  surfaces,'  the  operation  of  trick¬ 
ling  filters,1  and  resistance  to  hydrodynamic  how*  are 
examples  of  prooessss  In  which  microbial  colonization 
of  Immersed  surfaces  are  thought  to  be  important.  Fur¬ 
ther,  It  has  been  suggested  that  microbial  films  in¬ 
fluence  oofonlaatton  and  development  of  the  larger 
members  of  the  fouling  community,'  such  as  bomectes, 
bryocoa,  and  tubsworma,  which  ere  generally  assumed 
egrade  the  operation  of  many  kinds  of  equipment. 

ability  to  measure  slime  film  layers  non- 
inictlvefy,  then,  is  of  value  tn  studies  of  the  function 
narfna  aouinment.  This  describes 

■ppMcHow  of  ono  Midi  todmtquoc  light  Motion 


HVOfv  mi  119m  Motion  inovninwni  doc onto  covnmor- 
owoy  mmdo  enmor  inoumuo  tot  uotoviiNnonon  or 

mMaa  lAMae  imam  IXaaIa  S  aI 

oovno  wfor  imovMiooo  woro  o^fotofioo*  nofito  oi  oi* 
Hoehn  8  Hay,'  and  CharackHe  *  have  described  the  use 


Matse  Masson  ef  sesame  products  or  manufacturers  doss  not 
sensdiuis  msommandeHan  by  the  Ospt  of  Oateses. 


of  an  electrical  method  in  which  a  micrometer-driven 
probe  is  made  to  approach  the  surface,  and  contact  is 
signalled  by  a  decrease  of  electrical  resistance.  This 
method  requires  a  conductive  contact  to  the  slime  to 
complete  the  circuit,  and  mechanical  access  to  the 
slimed  surface.  Characklls  *  also  describes  volumetric 
measurements  after  a  period  of  drainage  of  samples  of 
known  surface  area  to  determine  slime  thickness;  this 
requires  a  sample  which  can  be  immersed  in  volumetric 
vessels.  Measurements  of  the  distance  of  focus  levels 
of  ths  uppermost  portions  of  the  slime  from  the  sub¬ 
stratum  using  a  microscope  have  also  been  made.**  * 
This  method  does  not  require  mechanical  contact,  but 
requires  that  many  points  bs  measured  individually  tn 
order  to  vieueHze  the  nature  of  a  reasonable  area  of  film, 
and  does  not  present  an  easily  Interpretable  indication 
of  surface  contour.  The  light  section  technique  com- 

aiAAA  S8a  a^^aSaAAA  aJ  A  AAaSaaS  Imam 

wnes  me  advantages  or  a  non-oestruenve  contact  less 
thickness  measurement,  with  applicability  to  a  wtds 
variety  of  substratum  metsrlels  and  an  easily  inter- 
prelaws  ospretton  or  surrace  proms. 

The  nrtnrrtnal  of  the  lioht  section  toohnloue  haft  been 
areeenfed  bv  tlrhmeltT  *  and  davetonod  bv  Toianakv  * 
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CORRECTIONS 


Eq.  3  co»-0  -  Zhtan/  cos* 

Eq.  4  d* 

3y--  ««/ 

Eq.  3  Sin/  _  »« 

a 


CAPTION  ERRORS 


Fig.  2.  should  road  "at  stop" 

Fig.  6.  Should  read:  Cover  slip  thickness  is  (B-A)-(C-D) 

Refractive  Index  may  be  obtained  from  the  ratio 

(B-A)-(C-D) 

(B-C) 

Fig.  7.  should  read  "covered  Sample  Container". 


I  am  sorry  that  the  Journal's  editorial  policy  did  not  allow  proofreading 
by  author.  Bettar  photographs  may  be  requested  If  desired. 


The  LlgM  Section  Technique 

The  original  form  of  tho  Instrumsnt  consists  of  two 
matched  compound  microscopes,  oriented  st  right 
angle#  to  ssch  othsr  (Rgurs  1).  An  illuminstod  slit  Is 
placed  st  wtist  would  bs  the  normal  syo  position  of  on# 
mtorosoopo,  and  a  rsducsd  imago  of  tha  slit  is  focusad 
via  its  objective  onto  tha  spadman.  Tha  spaciman  is 
posit lonad  with  Its  normal  blsaetlng  tha  angla  formad 
by  tha  optic  axes  of  tha  two  microacopas  to  capture 
maximum  reflected  light,  and  with  tha  silt  image  on  tha 
spaciman  surface  in  sharp  focus  via  the  second  micro¬ 
scope. 

If  tha  spaciman  surface  is  flat,  than  tha  observer  seas  a 
straight  line  slit  image.  Any  deviation  of  tha  spaciman 
surface  from  planar,  however,  causes  s  corresponding 
deviation  in  tha  slit  image.  Tha  magnitude  of  tha  o b- 
served  deviations  may  be  measured;  for  example,  by  a 
filar  micrometer  or  on  a  photographic  image. 


Figure  1.  Schematic  Diagram  of  Light  Section 
Microscope. 


(MUM  itr« 


Figure  2.  Path  of  Rays  Parallel  to  Optic  Axes  as  Step  in 
Specimen,  d  Is  observed  deviation  due  to  step  of  height 
h. 


The  nature  of  the  deviation  caused  by  a  step  on  the  sur¬ 
face  is  shown  In  Figure  2.  The  intersection  of  the  silt  im¬ 
age  with  the  bottom  level  Is  further  from  the  light  source 
then  that  with  the  top  level,  so  the  portions  of  the  slit  im¬ 
age  at  the  two  levels  appear  to  the  observer  as  line 
segments  displaced  from  each  other  by  the  distance 
McT  as  also  shown  in  Figure  3-1.  The  case  of  a  non- 
opaque  layer  upon  a  second  material  is  similar.  In  this 
case,  as  shown  in  Figure  3-11,  two  lines  are  observed: 
one  from  the  upper  and  one  from  the  lower  interface,  put 
the  observed  displacement  depends  upon  the  refractive 
index  of  the  layer. 

MTSJearaal 


Figure  3.  Diagrams  of  Light  Section  Microscope  Visual 
Fields  from  (I)  the  step  of  Fig.  2  and  (10  a  microbial  film 
on  s  paintad  surface. 

The  sources  of  the  reflections  represented  are: 

Ao:  upper  step  surface  Bo:  lower  step  surface 
An:  upper  film  surface  film-paint  interface 

TFe  relations  between  the  step  height  or  layer  height 
and  the  observed  displacement  may  be  shown  with  the 
aid  of  Figure  4  and  s  treatment  similar  to  that  of  Man- 
s  Jur.a  A  light  t*am  from  ths  slit  S  is  partially  reflected 
from  the  upper  level  at  A,  and  partially  from  the  lower 
level  at  B.  If  the  specimen  consists  of  a  step  surface, 
then  the  ray  path  shown  by  the  dashed  line  represents 
the  lower  surface  reflection.  (These  upper  and  lower 
reflections  may  be  related  to  the  ray  indicated  by  the 
double  arrow  in  Figure  2.)  The  observed  displacement  is 
in  this  case  dg  *  2  Zproa#,  where  Zp  *  n  tan#.  (1) 


Figure  4.  Effect  of  Refraction  on  Apparent  Film 
Thick  ness. 


Therefore, 

dp  *  2htan  #cos  #  «  2  h  (0.707) for  #  *  45*.  (2) 
If  h  is  the  height  of  a  non-opaque  layer  of  refractive  in¬ 
dex  n,  then  a  ray  impinging  at  A  will  be  partially 
reflactad  at  the  upper  level,  and  partially  reflected  at  the 
lower  level,  with  refraction  at  the  upper  level  for  both 
passages  through  the  interface.  The  displacement 
observed  between  the  upper  end  lower  reflections  wilt 
bs 

dp  *  2  Zp  cos  #  *  2  h  tan  #  cos#  (3) 
and  if  #  *  49*  ■ 

*  cot  #  (4) 

d0 
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Tha  law  of  refraction  yields:  sin  $  ■  nQt>n*  (5) 

n 

Whom  n0  i«  tht  rtfrtctlvt  Index  abovt  the  non-opaque 
lay ar.  For  air  at  ^  -  45*.  n0  -  1  and  tin  $  •  0.707  to 
that 


Thus,  tht  dispiacamant  caused  by  a  thin  refracttbie 
layer  upon  a  surface  in  air  mutt  be  multiplied  by  this 
quantity  to  yield  the  displacement  caused  by  a  step  of 
equal  height.  This  quantity  la  plotted  as  a  function  of  n 
in  Figure  $  and  is  1. 61  for  a  layer  of  seawater,  in  agree¬ 
ment  with  the  calculation  and  calibration  by  Mansour.9 


Sfti m*  Refract lv*  Index 

Flgum  8.  Correction  Factor  for  Refraction  of  Non- 
Opaqua  Layer. 

Other  methods  of  achieving  the  light  section  effect 
have  been  developed  using  specialized  optical  com¬ 
ponents,  »•  •  but  the  work  described  here  was  performed 
with  a  Gaertner  Model  M-308  Instrument,"  which  Is  one 
of  the  type  shown  in  Figure  1.  The  objectives  are  3.SX, 
and  e  filer  micrometer-tox  eyepiece  is  supplied.  The  in¬ 
strument  is  direct  reeding  in  that  the  flier  micrometer 
measurement  of  In  air  is  equal  to  the  step  height  of 
step  specimens  measured  with  a  machinist's  microm¬ 
eter.  (A  microscope  elide  cover  slip  is  e  good  test  object, 
but  it  an  air  space  Is  noticed  under  it  during  the  light 
section  measurement,  the  thickness  of  the  air  gap  must 
be  subtracted  from  the  total  etap  height:  Figure  6.  Other 
manufacturers  "  also  supply  light  section  In¬ 
struments  of  this  general  type  with  greeter  magnifica¬ 
tion  but  with  lees  working  distance  than  the  Gaertner  in¬ 
struments. 


When  e  solid  which  had  been  immersed  in  a  natural 
water  system  is  recoverd.  a  highly  hydrated  microbial 
slime  film  may  be  found  adhering  to  its  surface.  If,  dur- 
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Figure  i.  Diagram  of  Ught  Section  Visual  Ftatd 
Resulting  from  Edge  of  Covar  Ship  on  a  Rat  Surfaea. 
Tha  aourcaa  of  tha  raflactiont  represented  ara: 

A)  Tha  bara  flat  surfaea  B)  Tha  top  of  tha  covar 

slip 

C)  Tha  bottom  of  tha  covar D)  Tha  flat  surface  unbar 
slip  tha  covar  slip 

Tha  covar  slip  thickness  is  (B-AMX)). 

Tha  refractive  Index  may  ba  obtainad  from  eq  (6)  and  tha 
ratio 


ing  drainage  of  axcass  liquid,  the  solid  is  kept  in  an  at¬ 
mosphere  which  is  in  equilibrium  with  the  natural  water, 
then  the  activities  of  the  solvent  components  in  the  film 
are  the  same  as  in  the  natural  water,  and  tha  slime  film 
remains  hydrated.  We  take  the  thickness  of  the  hydrated 
layer  to  be  the  slime  film  thickness,  although  the  sur¬ 
face  tension  at  the  air-microbial  film  interface  may 
result  in  a  somewhat  smoother  slime  film  boundary  than 
Is  presant  during  immersion.  (This  assumption  has  also 
boon  made  by  workers  using  the  electrical  probe  and 
volumetric  methods  *  *•  *).  Since  microbial  slimes  are 
usually  mora  than  90  percent  hydrated 1  the  refractive  in¬ 
dex  of  seawater  may  be  used  to  determine  thickness. 
Films  of  composition  appreciably  different  from 
seawater,  such  as  hydrated  corrosion  oroduct  films,  re- 
quirs  an  aatimate  of  re  tractive  index  before  thickness 
can  be  determined.  It  may  sometimes  be  possible  to  cir¬ 
cumvent  this  requirement  by  a  light-section  measure¬ 
ment  at  the  edge  of  a  cleaned  region  on  the  su^ace 
where  the  retractile  film  may  be  treated  as  a  step,  or  by 
measurement  of  a  sample  of  known  film  thickness. 
Refractive  index  may  in  some  cases  be  inferred  if  the 
sample  composition  is  known. 

The  activity  of  the  medium  at  the  sample  surface  may  be 
conveniently  controlled  by  allowing  the  sample  to 
equilibrate  with  a  resarvoir  of  tha  medium  in  which  it 
was  grown  inside  a  cfoaed  container.  A  long  working 
distance  instrument  is  very  convenient  in  this  type  of 
application. 

Aecuraey,  Predate*,  and  Image  Queilty 

The  accuracy  of  measurement  may  be  checked  by  deter¬ 
minations  made  by  other  means.  Mansour 1  has 
measured  the  thickness  of  coatings  and  thin  plastic 
films  with  s  Zeiss  light  section  instrument,  comparing 
the  results  with  oblique  section  and  micrometer 
measurements.  Our  instrument  has  bean  calibrated  by 
obeerving  the  thickness  of  cover  slips  for  microscope 
slides  also  measured  with  a  machinist's  micrometer. 
This  calibration  must  be  performed  when  any  change  in 
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the  effects*  ;uo«  -ength  b«twMn  the  titer  micrometer  et 
the  eyepiece  ana  me  objective  is  made.  While  such 
changes  need  not  ce  made  if  only  direct  viewing  of  dry 
samples  is  done  ooservatton  of  wet  films  in  humid  en¬ 
vironments  reduces  ooeervatlon  through  transparent 
windows.  Clear  viewing  through  windows  may  require 
slight  modifications  of  the  eyepiece  and  slit  to  objective 
distances,  so  tnat  recalibration  of  the  filar  micrometer  is 
necessary  when  the  window  is  changed. 

The  precision  of  a  film  thickness  measurement  depends 
upon  the  aotiity  to  superpose  the  filar  micrometer  hair¬ 
line  upon  the  slit  image.  This,  in  turn,  depends  upon  the 
thickness  and  definition  of  the  slit  image  as  observed 
upon  the  specimen  surface.  It  is  observed  that  bright 
metallic  surfaces,  or  reflective  surfaces  such  as  glass, 
may  be  discerned  at  quite  low  siit  widths  and  light  inten¬ 
sities,  and  therefore  located  with  good  precision  even 
when  close  to  the  highly  reflective  upper  surface  of  a 
hydrated  layer.  The  lower  limit  of  measurement  for  the 
hydrated  layer  thickness  is  then^im  and  films  may  be 
measured  with  a  precision  of— 3*tfn.  For  rougher  sur¬ 
faces  of  lower  reflectivity,  and  darker  colors,  the 
pretence  of  the  bright  reflection  at  the  upper  surface  of 
the  hydrated  layer  makes  the  lower  limit  somewhat 
largar  H2-i5*im),  but  as  the  film  thickness  increases, 
the  precision  of  the  measurement  is  also  approximately 
-*6-4pm.  In  order  to  optimize  the  visibility  of  the  filar 
micrometer  a  small  variable  intensity  lamp  is  very 
helpful  for  faint  illumination  of  dark  samples.  A  polarizer 
at  the  eyepiece  is  often  useful  to  preferentially  at¬ 
tenuate  the  bright  upper  reflection.  Photography 
through  the  eyepiece  has  been  found  feasible  with  a 
tingle-lens  reflex  35  mm.  camera  fitted  with  a  50  mm. 
standard  lens-close-up  lens  combination,  as  was  sug¬ 
gested  by  the  manufacturer. 

As  the  thickness  increases  beyond  500jjm  (20  mils)  the 
precision  of  measurement  decreases,  since  both  sur¬ 
faces  cannot  be  in  focus  at  the  same  time;  however 
films  of '"*40  mils  thickness  can  be  measured  to  ±  1.5 
mil  t47nm)  in  favorable  cases. 

APPLICATIONS 

The  light  section  technique  has  been  used  In  two  recent 
marine  microfouiing  studies,  on  samples  of  quite  dif¬ 
ferent  character. 

The  first  group  of  samples  was  studied  as  part  of  the 
Ocean  Thermal  Energy  Conversion  (OTEC)  program. 
Fouling  of  heat  exchangers  is  of  vital  importance  to  this 
program,  since  the  temperature  differences  driving  the 
process  of  power  generation  are  so  small  that  small 
decrements  in  efficiency  are  serious!  A  series  of  ex¬ 
ploratory  tests  on  materials  under  consideration  for 
heat  exchangers  was  undertaken  to  assess  the  various 
design  options.  Samples  of  tubing  which  had  been  ex¬ 
posed  to  flowing  seawater  in  the  Gulf  of  Mexico  for 
various  times  were  retrieved  and  subjected  to  a  battery 
of  physical,  chemical,  and  biological  tests.  As  part  of 
the  test  program  wet  film  tN-  ~eas  was  measured/’ 
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Details  of  tna  preparation  of  tneee  samples  have  been 
preeented  elsewhere."  Briefly,  they  ere  approximately 
Vfe-inch  coupons  cut  from  the  Mnch  metal  pipes  and 
preserved  in  gluteraidehyde  (4 seawater  medium.  To 
achieve  equilibrium  hydration  of  the  fouling  film,  the 
samples  were  pieced  on  discs  of  filtsr  paper  saturated 
with  a  slight  excess  of  the  indium  In  Pstri  dishes  with 
tight  friction-fit  covers  (  ,con  plastics  #1006).  A 
capillary  path  for  liquid  between  tne  sample  and  the 
reservoir  of  medium  in  the  dish  was  provided  by  a  length 
of  well-washed  white  cotton  thread  laid  across  one  edge 
of  the  sample  and  in  contact  with  the  paper.  Any  debris 
on  the  sample  surface  was  removed  by  gentle  rinsing 
with  medium  clarified  by  sedimentation.  Wet  film 
thickness  was  determined  after  equilibrating  overnight 
at  4*C,  then  for  two  hours  at—  25  *C,  after  which  no 
changes  were  observed  for  several  hours. 

The  measurements  made  on  OTEC  samples,  and 
described  previously,"  14  showed  increasing  values  of 
film  thickness  with  time,  and  different  materials  showed 
different  fouling  behavior.  Aluminum  rapidly  developed 
a  rather  thick  film  which  increased  to  about  2Qum.  In¬ 
dependent  data  from  chemical  analyses  of  replicate 
samples  "  showed  that  a  corrosion  film  formed  rapidly, 
and  that  when  little  biofouling  was  found  by  scanning 
electron  microscopic  examination,  the  wet  film 
thickness  from  light  section  microscopy  could  be  ac¬ 
counted  for  by  the  corrosion  product  present.  A  thicker 
wet  film  was  found  when  biological  material  was  pres¬ 
ent,  and  the  increase  m  thickness  correlated  well  with 
the  thickness  of  the  biological  material  found  by 
S.E.M.— i.e.,  I0*un.  Titanium  and  AL6X  stainless  steel 
tubes  developed  hydrated  layers  more  slowly  which 
were  closely  correlated  to  microbiological  growth 
observed  with  the  S.E.M.  rather  than  to  corrosion  films. 
The  fourth  material  tested  was  a  cupro-nickei  alloy.  Cor 
rosion  of  this  material  resulted  in  a  dark  granular  prod¬ 
uct,  whose  outer  layers  were  easily  dislodged  by  even 
very  gentle  agitation  during  transport,  it  was  therefore 
not  surprising  that  a  stable  microbiological  hydrated 
film  was  not  found  at  the  surface  of  the  residual  oxide 
by  either  light  section  or  S.E.M.  examination. 

The  second  study  involving  this  technique,  which  is  still 
in  progress,  deals  with  a  series  of  antlfoullng  paint 
systems  which  are  immersed  at  a  test  site  in  Blscayne 
Bay,"  for  alternate  periods  of  stationary  and  dynamic 
exposure.  In  the  dynamic  mode,  the  panels  are  attached 
to  the  periphery  of  a  drum  rotating  with  a  peripheral 
speed  of  15.5  knots.  Hydrated  layer  measurements  ere 
made  with  the  samples  in  covered  trays  equipped  with 
windows  at  right  angles  to  the  incident  and  emerging 
tight  beams,  as  shown  in  Figure  7.  Loose  debris  is 
rinsed  from  the  observation  area  with  filtered  test  site 
water.  Since  the  sample  panels  are  curved  to  fit  the 
drum  periphery,  excess  liquid  drains  from  the  convex 
surface  of  the  panel  to  the  adsorbent  paper  on  the  trey 
bottom,  and  measurements  are  mede  when  a  steady 
value  of  hydrated  layer  thickness  is  obtained  (usually 
within  15  minutes).  Although  these  painted  surfaces  ere 
dull  in  finish  rather  than  specular,  and  vary  in  color,  even 
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black  paints  may  ba  observed  if  tha  ambiant  light  intan- 
alty  can  ba  controllad.  A  darkened  room  and  a  small 
shtaidsd  lamp  whose  Intensity  may  ba  continuousiy 
varied  to  allow  tha  proper  background  illumination  for 
tha  filar  micrometer,  and  a  polarizer  at  tha  eyepiece  to 
attenuate  the  reflection  from  the  film-air  interface  are  all 
useful. 


Panels. 

S— Sample  Panel  A— Adsorbent  Pad  on  Tray  Floor 

G— Glass  windows  perpendicular  to  light  beams 


Microbial  films  are  not  usually  opaque,  and  the 
substratum  surface  may  be  seen  through  them,  if  a  con¬ 
siderable  amount  of  silt  is  present,  however,  the  lower 
reflection  may  not  be  visible.  In  this  case,  a  small  area  of 
the  film  may  have  to  be  removed  to  allow  visualization  of 
tha  substratum  and  comparison  with  the  adjacent 
slimed  area:  this  occurred  with  several  of  these  panels. 
The  results  of  this  study  will  be  published  in  detail 
elsewhere,  but  we  may  point  out  here  that  for  weakly 
reflecting  surfaces,  a  compromise  must  be  struck  be* 
tween  high  light  intensity  and  slit  width  to  make  the 
paint  surface  reflection  visible,  and  resolution  of  the  up* 
par  and  lower  reflections.  For  black  paints,  therefore, 
the  detection  limit  for  hydrated  layers  was  12-I4^m  (0.5 
mil)  with  this  equipment. 

Results  obtained  with  the  anti-fouling  paint  samples 
indicated  that,  In  general,  static  immersion  resulted  in 
considerable  slime  formation:  films  of  thickness  up  to 
25Qym  (10  mils)  have  been  observed  on  anti-fouling 
panels  after  30  days  of  static  testing.  After  the  dynamic 
periods,  however,  slimes  were  not  evident  on  some 
panels,  and  only  thin  films  on  the  others. 

The  significance  of  very  thin  films  (25um  or  less)  is 
unclear  at  present.  Some  fresh  marine  paints  show 
stable  transparent  layers  of  this  thickness  or  less  at 
high  humidity  after  only  very  short  periods  of  immer¬ 
sion,  but  do  not  impart  the  feeling  of  lubricity 
characteristic  of  microbial  fouling.  This  apparent  hydra¬ 
tion  layer  above  the  well-defined  opaque  pigmented  sur¬ 
face  may  be  a  highly  swollen  layer  of  a  paint  vehicle 
component,  but  no  definitive  statement  as  to  its  nature 
or  origin  may  be  made  at  this  time.  Thin  hydrated  layers 
of  similar  appearance  and  lacking  a  slimy  feeling  are 
also  observed  on  some  of  the  painted  panels  after 
dynamic  testing.  When  layers  of  greater  than  2S^m  are 
found,  however,  slime  films  are  evident  and  accom¬ 
panied  by  the  appropriate  slimy  tactile  sensation. 
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If  the  surface  examined  is  not  planar,  the  observed  slit 
image  is  not  linear.  Thus,  the  Image  is  similar  to  a  profile 
of  the  surface.  Present  commonly  used  automated  tech¬ 
niques  for  roughness  measurement  require  that  a  stylus 
be  passed  along  the  surface,  and  its  mechanical  mo¬ 
tions  translated  into  electrical  signals,  which  are  proc¬ 
essed  to  yield  roughness  parameters.  Stylus  techniques 
are  not  now  used  on  immersed  surfaces,  however,  and 
the  distortion  of  soft,  deformable  material  by  the  stylus 
raises  questions  in  the  interpretation  of  data.  A  further 
problem  is  the  damage  caused  to  some  surfaces  by  the 
stylus.  The  light  section  approach  yields  a  surface  pro¬ 
file  without  mechanical  contact  of  immersed  or  easily 
damaged  surfaces.  Photographic  records  of  the  light 
section  profile  may  be  obtained,  but,  at  present,  no  com¬ 
mercial  automatic  equipment  is  available  to  analyze 
such  records  in  terms  of  the  commonly  used  roughness 
parameters.  It  is  easily  recognized,  however,  that  some 
paint  surfaces  are  rapidly  roughened,  as  shown  in  Fig. 
8a  while  others  remain  quite  smooth  (Fig.  8b). 


Figure  6.  Photograph  Through  Light-section  Micro¬ 
scope  of  Painted  Test  Panels  Showing  a)  Cavities  after 
Dynamic  Exposure  Cycle,  and  b)  Smooth  surface  of  dif¬ 
ferent  formulation  subjected  to  the  same  cycle. 
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